Abstract-The spurious free dynamic range (SFDR) of a directdetection RF/photonic link is restricted by nonlinearity of the optical intensity modulation. We report a compact quantum well Mach-Zehnder (MZ) optical intensity modulator with enhanced linearity. The MZ modulator's linearity is improved by canceling the nonlinear distortions from the MZ interferometer and the optical phase modulation. The compact modulator is less than 4 mm long and has a Vπ of ∼5.5 volt. In an RF photonic link, the modulator helped to achieve an SFDR of 117 dB·Hz 2/3 at 1 GHz with 1.4 mA photodetector photocurrent. A down-conversion RF photonic link using this modulator demonstrated an RF-to-IF SFDR of 108.1 dB·Hz 2/3 .
I. INTRODUCTION
R F/PHOTONIC links are desirable for remoting an antenna from its signal processing unit. Compared with coax cables, fiber optic links have the advantages of light weight, small size, wideband, and immunity to electro-magnetic interference. Prevalent RF/photonic links employ a direct detection (DD) scheme. It is simple and has a broad bandwidth. However, they have restricted SFDR due to the inherent nonlinearity inside optical intensity modulators [1] . For solutions, the coherent phase modulated (PM) RF/photonic link with an optical phase locked loop linear phase demodulator has been proposed [2] - [7] . The PM link has demonstrated an SFDR of over 130 dB·Hz 2/3 . However, the coherent PM link has small instantaneous bandwidth due to its feedback mechanism. Furthermore, the coherent PM system is sensitive to environmental perturbations. Thus, the DD links are still appealing for a number of applications that only require a moderate SFDR (e.g. <105∼110 dB·Hz 2/3 ). An intensity modulationdirect detection (IM-DD) RF/Photonic link with SFDR greater than 120 dB·Hz 2/3 has been demonstrated [8] using a LiNbO 3 Mach-Zehnder (MZ) intensity modulator. However, this approach requires very large optical power to achieve an SFDR of ∼120 dB·Hz 2/3 . Thus, this approach may be impractical for applications with restricted power budget. To achieve high link SFDR with small power consumption, the linearity of the MZ modulator must be improved. Many linearization approaches have been reported, including pre-distortion [9] - [11] , dual parallel MZ modulators [12] , [13] , dual wavelength lasers [14] , mixed polarization [15] , [16] , optical channelization [17] , [18] , and digital post-processing [19] , [20] . However, these linearization approaches often add complexity and reduce modulation sensitivity and bandwidth.
To address these deficiencies, we have presented a simple concept of a compact MZ intensity modulator with enhanced linearity [21] . It exploits the nonlinearity of a quantum well (QW) structure inside the MZ modulator. The linearity of the optical intensity modulation was improved by canceling the nonlinear distortions from the MZ interferometer with those from the nonlinear optical phase modulation. A few preliminary proof-of-concept measurement results have been reported in [21] .
In this paper, we present the detailed analysis, design and the extended experimental validations of the linearized QW MZ modulator approach. Using an improved MZ modulator with a 2.5 mm long QW phase modulation section, a direct detection RF photonic link has demonstrated 117 dB·Hz 2/3 SFDR at 1 GHz. This approach was also found to be compatible with frequency down-conversion RF photonic links.
II. SFDR LIMITATION
A typical DD link consists of a MZ intensity modulator and balanced photodetectors as shown in Fig. 1 . The nonlinearity of a MZ intensity modulator originates from its homodyne phase 0733-8724 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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detection process. When biased at quadrature phase offset, the output of the MZ modulator (P out ) is a sinusoidal function of the optical phase perturbation (Δθ):
where P 0 is the average optical power.
In presence of a two-tone RF input, the sinusoidal function generates a fundamental response and in-band third-order intermodulation distortions (IMD3) in the optical phase:
where ω RF 1 and ω RF 2 are the frequencies of the two input RF tones, β 1 is the linear phase modulation coefficient of the phase modulator, A in is the amplitude of the input RF tones, and ω 1 and ω 2 are the frequencies of the in-band IMD3:
On the other hand, when the MZ modulator employs a quantum well (QW) phase modulation section, the QW phase modulator contains nonlinear phase modulation, which can be expressed empirically as:
th order phase modulation coefficient of the QW modulator. Thus, the third-order intermodulation distortion due to the nonlinear phase modulation is given by:
From (2) and (4), the combined third-order intermodulation distortion can be determined:
Therefore, the distortion generated by the nonlinear phase modulation and the distortion generated by the MZ interferometer can be tailored to cancel each other to achieve enhanced linearity.
We use the third-order intercept point (IP3) at the input optical phase to measure the modulator linearity. The IP3 in the optical phase is where the third-order intermodulation distortion in optical phase is equal to the fundamental phase perturbation. Using (2a) and (5), it is found to be:
If we assume photodetector shot noise limit, which is achievable with a low relative intensity noise (RIN) noise optical source or with balanced photodetection, the modulator should enable an SFDR given by:
where e is electron charge and I P D is the DC photocurrent of the photodetector. The SFDR in photodetector shot noise limit represents the best potential SFDR that is achievable by the modulator. Fig. 2 depicts the SFDR in photodetector shot noise limit as a function of the photodetector photocurrent. For an MZ modulator using a linear optical phase modulator, its phase IP3 is a constant (2 rad) and a large photocurrent (>20 mA) is needed to achieve greater than 120 dB·Hz 2/3 SFDR. With larger phase IP3, the requirement for high photocurrent can be greatly eased. For example, only 4 mA photocurrent is needed in order to achieve the 120 dBHz 2/3 SFDR if the phase IP3 is 2π. The 2π phase IP3 is feasible by cancelling the nonlinear distortions from the MZ interferometer and the phase modulation.
III. DOWN-CONVERSION PENALTY
The proposed linearized QW MZ modulator is compatible with a conventional frequency down-conversion scheme of the DD links as shown in Fig. 3 [22] . It employs an additional MZ modulator, which is biased at π phase offset to create carriersuppressed optical amplitude modulation at the half of the LO frequencies. With the down-conversion scheme, the output of the QW MZ modulator is given by:
The first term of (8) represents the non-frequency converted tone. The second term represents both the up and the downconverted tones. The frequency down-converted signal power is 6 dB lower than that of the non-converted signal.
With frequency down-conversion, the nonlinear distortion only originates from the term sin(Δθ). Therefore, the IP3 in the optical phase should remain identical as that of a link without frequency down-conversion (see (6) ). Since the down-converted signal power is 6 dB lower, the output third order interception point (OIP3) of the frequency down-converted signal will be 6 dB lower than that of the non-frequency converted signal. Provided with the identical photodetector shot noise (i.e identical photodetector photocurrent), the SFDR penalty with frequency down-conversion should be ∼4 dB.
IV. QW MZ MODULATOR
The QW structure of the MZ modulator was reported in [23] . It employs a conventional p-i-n configuration on a semi-insulated (S.I.) InP substrate (see Fig. 4 ). The MZ modulator layout is shown in Fig. 5 . It contains two 2.5 mm long phase modulation sections and a compact multi-mode interference (MMI) 3-dB coupler. For simplicity, traveling wave electrodes were not employed. The RC-time limited modulator bandwidth is ∼1.7 GHz.
The QW MZ intensity modulator was fabricated using Center for Nanoscale Systems (CNS) facilities in Harvard University. The details of the fabrication process were reported in [18] . Fig. 6 shows a microscope image of the fabricated device. The optical loss of the phase modulation section was measured to be ∼1 dB/mm. The total insertion loss of the MZ modulator is ∼20 dB, which is mostly caused by the large fiber to optical waveguide coupling loss. The extinction ratio of the MZ modulator was found to be ∼20 dB (see Fig. 7 ). Its dynamic V π at 1 GHz was measured to be ∼5.5 volt.
V. DIRECT DETECTION LINK
A direct detection RF photonic link was constructed using the QW MZ modulator as shown in Fig. 8 . The output from a low RIN fiber laser was amplified and coupled to the QW MZ modulator. Both the input and output waveguides of the MZ modulator are coupled to lensed fibers with 2.5 micron spot size. Due to the high coupling loss between the lensed fiber and the modulator optical waveguide, the total insertion loss of the MZ modulator is ∼20 dB. The link output is detected by a highspeed photodetector (Discovery Semiconductor DCS401ER).
A. Frequency Response
The link frequency response is measured using a vector network analyzer (Agilent N5244A). The result is depicted in Fig. 9 . The link 3-dB bandwidth is ∼1.7 GHz, which is limited by the modulator'sRC-time constant. We note that the bandwidth can be significantly improved by employing traveling wave modulator electrodes.
B. Inter-Modulation Distortion and SFDR
The link nonlinear distortions were characterized using a towtone intermodulation test. Two RF sources are combined using a 3-dB RF power combiner. The bias voltage of the QW phase modulator section was carefully adjusted to ∼0.8 volt to achieve the desired nonlinearity cancellation between the QW phase modulator and the MZ modulator interferometer. In addition, the MZ modulator optical phase offset was kept at the quadrature point. To achieve sufficient photocurrent in presence of the larger coupling loss between the optical fiber and the modulator waveguide, the output power from the optical amplifier was set to 300 mW. Fig. 10(a) shows the captured PD output spectrum when the RF input was set at 1 GHz. The RF input power is 7 dBm per tone from each signal source. The photodetector was biased at −7 volt and the DC photocurrent was around 1.4 mA. Fig. 10(b) depicts the output spectrum of a DD link using a conventional LiNbO 3 MZ modulator with an identical modulation index condition. It can be seen that the distortion level of the QW MZ modulator is ∼21 dB lower. In addition, after the cancellation of the 3 rd order distortion, the 5 th order intermodulation distortion tones were noticeable in the measured spectrum.
The OIP3 and fifth-order interdmodulation intercept point (OIP5) were also measured and are shown in Fig. 11 . Their power was 10 dBm and −5 dBm respectvely. The link output noise floor was measured and found to be −166 dBm/Hz at 1 GHz. The third-order limited SFDR was 117 dB·Hz 2/3 and the fifth-order limited SFDR was 128 dB·Hz 4/5 . We note that the measured noise floor at 1 GHz is limited by the photodetector shot noise.
The phase IP3 of the QW MZ modulator is determined from the link third-order input intercept point (IIP3) and the V π of the QW MZ modulator using the following equation:
From Fig.11 , the IIP3 at the MZ modulator input was found to be 35 dBm. The modulator's V π was measured to be 5.5 volt at 1 GHz. Therefore, the θ IP3 of the MZ modulator is ∼2.3π rms. As shown in Fig.2 , the modulator should enable a SFDR greater than 120 dB·Hz 2/3 with ∼4 mA photocurrent assuming photodetector shot noise limit noise floor.
C. Down-Conversion
A down-conversion DD RF photonic link was also constructed using the QW MZ modulator as shown in Fig. 12 . A commercial LiNbO 3 intensity MZ modulator was employed to produce the required LO-modulated optical carrier. The LiNbO 3 modulator was biased at π phase offset to realize carrier-suppressed modulation. The output optical signal from the modulator was amplified to 300 mW and launched into the QW MZ modulator. The bias voltage of the QW MZ modulator and the photodetector photocurrent was the same as that of the earlier DD link without down-conversion (Fig. 8) . Fig. 13 shows a sample of the captured IF spectrum. The RF and LO signals' frequencies were set at 1GHz and 0.9 GHz, respectively. The input RF power per tone and the LO power were 7 dBm and 15 dBm, respectively. The RF-to-IF conversion loss was around 40.3 dB, including the cable loss and RF combiner loss. Compared with the non-down-conversion link, we observed ∼7 dB penalty in the link output power at the IF frequency (100 MHz), which is in good agreement with the theoretical prediction.
The RF-to-IF OIP3 and OIP5 measurements are shown in Fig. 14. They were found to be 1.2 dBm and −13.5 dBm, respectively. They are ∼8 dB lower that of the non-down-conversion link.
As shown in Fig. 14 , the measured output noise floor at the IF frequency was −161 dBm/Hz. It is 5 dB higher than the noise floor of the non-down-conversion link at 1GHz. The elevated noise floor was caused by the laser RIN, which is larger at 100 MHz than at 1 GHz. From the noise floor and the distortion measurements, the RF-to-IF third-order and fifth-order limited SFDR were found to be 108.1 dB·Hz 2/3 and 118 dB·Hz 4/5 , respectively. Table I compares the performance achieved by this work with that of earlier reported DD RF photonic links employing MZ modulators. Despite its simplicity, the performance of the approach presented in this paper is better or comparable.
VI. DISCUSSION
Even though the bandwidth of the MZ modulator is presently limited by the RC time of the modulator electrodes, the nonlinear optical phase modulation inside the QW structure is a very fast process as it originates from the electro-optic effects inside the QW structure. The nonlinear cancelling mechanism is also completely built inside a compact modulator without need for any external electronic circuits. Thus, it should be broadband in nature. With the help of traveling wave modulator electrodes, the demonstrated performance should be able to be extended to higher frequencies.
The reported modulator also suffers from large insertion loss due to the coupling loss between the optical fiber and the modulator ridge waveguide. Consequently, only 1.4 mA detector photocurrent is generated. The coupling loss with the optical fiber should reduce significantly with help of an integrated waveguide spot size converter.
VII. CONCLUSION
We reported a linearized quantum well Mach-Zehnder optical intensity modulator. The modulator's linearity was enhanced by canceling the nonlinear distortions from the MZ interferometer and the nonlinear optical phase modulation. In a DD RF photonic link the modulator helped to achieve an SFDR of 117 dB·Hz 
